The crystal structures of its binary complex with one D-galacturonate and its ternary complex with two Dgalacturonates were also determined to identify the substrate binding site at 1.0 and 1.15 A resolutions, respectively. In the binary complex, one -D-galactopyranuronate, GalpA, was found in the reducing end side of Asp153, Asp173 and Asp174, which are considered as candidates of catalytic residues. This reveals that the position of GalpA is the 1 subsite, thus proving the strong affinity of the 1 subsite expected from the bond cleavage frequency on oligo-galacturonates. In the ternary complex, an additional -Dgalactofuranuronate was found in the 1 subsite. In both subsites, the recognition of the galacturonate carboxy group is important in galacturonate binding. In the 1 subsite, the carboxy group interacts with three basic residues, His195, Arg226 and Lys228, which were conserved in all endopolygalacturonases. In the 1 subsite, the unique non-prolyl cis-peptide bond is believed to be involved in binding the carboxy group of the substrate. Based on the structures of Galf A and GalpA bound in the ternary complex, a structural model of the di-galacturonic acid part of the substrate molecule bound in both the 1 and 1 subsites across from the catalytic residues was constructed. The di-galacturonate model structure sheds light on the catalytic mechanism. Asp173 is at the appropriate position to be a proton donor to the fissile glycosidic bond. Asp153 or Asp174 seems to act as a general base to abstract a proton from the nucleophilic water.
Endopolygalacturonases (EC 3.2.1.15) are involved in the degradation of pectin by hydrolyzing the 1,4 glycosidic bonds between adjacent D galacturonic acid residues present in the main chain. Pectin is a major component of the plant cell wall, and its degradation is an important process in infection by plant pathogenic organisms, plant senescence, and fruit ripening. Endopolygalacturonases (endoPG) are found in plants, fungi and bacteria. They participate in those physiological events. Endopolygalacturonase I (EndoPG I) from Stereum purpureum, a pathogenic fungus of silver leaf disease for apples, is known as a unique proteinus phytotoxin that causes silver leaf symptoms. 1, 2) EndoPGs have been classified into the family 28 glycosidase and are inverting glycosidases that invert the anomeric configuration of the products during the reaction.
3) The catalytic machinery of inverting glycosidase involves two catalytic acidic residues in order to provide the general acid catalyzed leaving group departure and general base assistance to nucleophilic attack by a water molecule. 4) Thus, identification of the two catalytic residues is important in the investigation of the reaction mechanism of endoPG. From studies of the mode of action on oligo galacturonate substrate, it has been expected that endoPG has at least three subsites ranging from 2 to 1. 5 7) Comparison of the amino acid sequence of endoPGs indicated that they have three strictly conserved aspartate residues. 8) Site directed mutagenesis experiments with the fungi Aspergillus niger endoPG II revealed that each of these three aspartate residues is critical for the catalytic function. 9) Recently, the crystal structures of the endoPGs from the bacterium Erwinia carotovora 10) and the fungi Aspergillus niger 11) and A. aculeatus 12) were solved at 1.9, 1.68 and 2.0 A resolutions, respectively. These structures fold into a right handed parallel helix, which is also found in other pectin degrading enzymes, such as rhamnogalacturonase A 13) and pectate lyase. 14) In those structures, the three conserved aspartate residues were found in a proposed catalytic cleft. However, the functions of these aspartate residues are still uncertain, since those structures do not contain their ligand molecules. The complex structure with the substrate or product is necessary for further investigation of the reaction mechanism.
The amino acid sequence of EndoPG I was deduced from the cDNA. 15) EndoPG I has some advantages as a target of crystallographic analysis. First, a sufficient amount of EndoPG I for crystallization was obtainable from the culture medium of S. purpureum. 7) Secondarily, EndoPG I is a highly stable enzyme in solution.
2) However, there is a problem in the crystallization of EndoPG I. The enzyme is a glycoprotein and the purified EndoPG I consists of three glycoforms because of the heterogeneity of the glycosylation. 7) That heterogeneity of the glycosylation could cause a difficulty with its crystallization. Therefore, glycosylation and the other posttranslational modification of EndoPG I were analyzed by mass spectrometric analysis.
16) The covalent structure of EndoPG I elucidated in that study is shown in Fig. 1 . This analysis would provide the valuable information to solve the problem of the heterogeneity of the glycosylation in the crystallization.
Three crystal structures of EndoPG I have been determined in this study; the unliganded EndoPG I, the binary and the ternary complexes of EndoPG I with galacturonate. Consequently, in this study, the structural basis of the reaction mechanism of EndoPG I has been analyzed by X ray crystallography.
Crystallization of endopolygalacturonase I and the Xray diffraction analysis. Some proteins exhibit posttranslational modification which leads to their heterogeneity and to a decrease in their crystallizability. In the case of EndoPG I, posttranslational glycosylation causes its heterogeneity and the purified EndoPG I consists of three glycoforms separated by SDS PAGE. 7) The sugar chains of EndoPG I could be truncated without denaturation by Endo H. The deglycosylation treatment increased the crystallizability of EndoPG Ia, extensively.
EndoPG Ia containing two sugar chains on specific N glycosylatoin sites (Asn92 and Asn161) was purified from S. purpureum culture filtrate. This purified EndoPG Ia was deglycosyalated with Endo H, before crystallization. In this deglycosylated EndoPG Ia, one acetylglucosamine residue is left on each glycosyalation site. Crystals of deglycosylated EndoPG Ia were obtained by the hanging drop vapor diffusion method. Initially, searches of crystallization conditions were performed using Crystal Screen kit and the resultant crystals were obtained at several conditions containing PEGs. Finally, 50 mM sodium acetate buffer (pH 5.0) containing 0.2 M NaCl and 12 to 17.5% PEG 4000 was used as the reservoir solution.
Native data extending to a resolution of 0.96 A were collected at 100 K from a single crystal with dimensions of 0. (Fig. 2) . Diffraction spots were detected until the edge of the detector (0.96 A ). The data set was 89.4% complete even in the most outer shell (1.01 0.96 A ), and the mean I (I) value in this shell was 3.5. These observations adapt to the criteria for atomic resolution defined by Sheldrick. 18) Atomic resolution data will give highly accurate and anisotropic atomic description parameters. Furthermore, this allows the modeling of normally unidentified structures, such as multiple conformation regions or hydrogen positions. This information will make it possible to discuss catalytic mechanism more accurately and to characterize the active site architecture.
Structural basis of catalytic mechanism based on the X-ray crystallographic analysis of Endopolygalactuonase I.
To understand how an enzyme works, it is necessary to know not only the structure of the enzyme itself, but also the structures of the complexes of the enzyme with its substrates, intermediates, and products. Site directed mutagenesis experiments with the A. niger endoPG revealed that Asp153, Asp173, and Asp174 in EndoPG I are involved in its catalytic function, whereas His195, Arg226, Lys228 and Tyr262 function primarily in substrate recognition. 9, 19) However, there is little structural evidence regarding the substrate and or inhibitor binding site or the architecture of the active site. We tried to solve the catalytic mechanism by analysis of the crystal structures of the native and product complexes of EndoPG I from S. purpureum at an atomic resolution.
20)
1. Structure determination and overall structure. EndoPG Ia, in which Asn92 and Asn161 are glycosylated with the high mannose type of sugar chain, was used in this study after deglycosylation with Endo H. The structure of the native crystal was solved by the MAD method with a Pt derivative and was refined at 0.96 A resolution. The program ARP wARP constructed a structural model containing 321 amino acid residues automatically, and provided a high quality electron density map. The final structural model consisted of amino acid residues 3 335, two N acetylglucosamine residues attached to Asn92 and Asn161 and 504 water molecules. The R factor was 11.4, and the Rfree factor was 14.0%.
EndoPG I has a right handed helical structure, which is common to the pectinases, such as pectate lyases, 14) rhamnogalacturonase, 13) and endoPG from E. carotovora, 10) A. niger 11) and A. aculeatus 12) (Fig. 3A) . The helical structure consists of 5 sheets and comprises 10 complete turns from strand 4 to 37 (Fig. 3A) . A comparison of EndoPG I with A. niger endoPG II revealed that most of the secondary structural elements are in the same positions. Differences in the two structures are seen only in their C terminal regions. The C terminus of the A. niger endoPG II is fixed by a disulfide bridge, whereas that of EndoPG I is fixed by an additional sheet structure, composed of two strands, 36 and 38. A large cleft is formed along the surface of the sheet PB1, and is surrounded by the three loops connecting strands 9 and 10, 12 and 13, and 15 and 16, as well as by the three loops on the other side, connecting strands 23 and 24, 27 and 28, and 31 and 32 (Fig. 3A) . The proposed catalytic residues, Asp153, Asp173, and Asp174, are on the bottom of the cleft (Fig. 3B) . Eight residues that are completely conserved in all endo and exopolygalacturonases (Asn151, Asp153, Asp173, Asp174, His195, Gly196, Arg226, and Lys228 for EndoPG I) 8, 21) have equivalent positions in the cleft among the four structures that have been solved.
Structures of galacturonic acid complexes.
Two kinds of complex structures containing mono galacturonic acids bound at the proposed active site cleft were also determined and refined. The binary complex containing a single molecule of mono galacturonic acid as the ligand was obtained by co crystallization of the enzyme with tri galacturonic acid. The final refined model had an R factor of 10.9 and an Rfree factor 13.4%, at 1.0 A resolution. The ternary complex, prepared by soaking, contained two molecules of mono galacturonic acid; one of the molecules had a pyranose ring configuration, while the other had a furanose ring configuration. The ternary complex structure was refined at 1.15 A resolution with an R factor of 12.6% and a corresponding Rfree factor of 16.4%. The three structures met the criteria for atomic resolution defined by Sheldrick.
18)
The structure of the bound galacturonic acid was identified as D galactopyranuronic acid (GalpA) with the conventional 4 C1 chair form conformation. Thus, the GalpA molecule observed in the co crystallization with tri galacturonate seems to be a hydrolytic product by the enzymatic reaction. The second complex, the ternary complex, was prepared by soaking the native crystals in a solution containing a high concentration of D galacturonic acid. In this complex, two lobes of electron density were found for the ligand. One of the two lobes was located at the identical position of the GalpA site in the binary complex. The other lobe of the density was identified as D galactofuranuronic acid (Galf A). The electron density of Galf A was weaker than that of GalpA, because of the low occupancy of the bound Galf A. The Galf A molecule was also in the anomeric configuration.
The interactions between galacturonic acids and EndoPG I are shown in Fig. 4 . The O4 of GalpA forms hydrogen bonds (2.68 A ) with OD2 of Asp 173. This bonding is important, since it mimics the interaction between the most favorable candidate for the catalytic acid and the glycosidic oxygen during the reaction. Thus, the GalpA binding site is believed to be the 1 subsite, because its location is at the reducing end side of the proposed catalytic residues, Asp173, Asp174 and Asp153. The other two of the four hydroxy groups of GalpA interact directly with the enzyme. The O1 hydroxy group does not interact with the enzyme. The carboxy group of GalpA engages in electrostatic interactions and or hydrogen bonds with four of the enzyme s residues. On the other hand, the binding site for Galf A appears to overlap with the 1 subsite, because it is located on the opposite side of the 1 subsite, across from the catalytic aspartate residues. The distance between the GalpA O4 hydroxy group and the Galf A O5 hydroxy group is only 2.80 A , having no space for an additional galacturonate molecule between the GalpA and Galf A molecules. Six residues of the enzyme participate in the Galf A binding. The binding of the carboxy group of Galf A involves a unique non prolyl cis peptide bond between Gly200 and Ser201 in which O61 interacts with OG of Ser201, and O62 interacts with the amide group of Ser201. The carboxy group (O62) of Galf A also interacts with NZ of Lys228. In the vicinity of the O4 atom of GalpA, there is a water molecule W31 that interacts with the carboxy groups of both Asp153 (2.57 A ) and Asp174 (2.49 A ). The distance between O4 of GalpA and W31 in the ternary complex is 4.15 A . In the A. niger endoPG II, the water molecule at the equivalent position is considered to be the nucleophilic water of the hydrolytic reaction.
11)

Active site architecture.
Bond cleavage frequency studies have demonstrated that some endoPGs hydrolyze only the first glycosidic bond from the reducing end of tri and tetra galacturonate. 5 7) This property of the reaction indicates that the enzymes form only one productive enzyme substrate complex with these substrates and most likely recognize the reducing end GalpA residue in the 1 subsite. In the binary complex, an electron density for one GalpA molecule was observed in the 1 subsite. The tight binding of the substrate to subsite 1 is due to the electrostatic interactions between the carboxy group and the basic residues and the precise recognition of the galactose epimer. Asp173 is at a distance to make a hydrogen bond with O4 of the bound GalpA. From this structure, we postulated that Asp173 serves as a general acid catalyst that donates a proton to the glycosidic oxygen. In the case of Galf A binding of the ternary complex, the carboxy group of Galf A, which is also recognized by the characteristic structural motifs, consists of the side chain of Ser201 and Lys228, and the cis peptide bond between Gly200 and Ser201. In the other three known polygalacturonase structures, the non prolyl cis peptide bond between Gly200 and Ser201 and the Lys228 residue are conserved. 10 12) The structural conservation of the three residues reveals that the cis peptide bond and Lys228 probably form a carboxy group recognition motif in the 1 subsite of both enzymes. In both the 1 and 1 subsites, the binding of the carboxy group was considered as an important mechanism of substrate recognition. This is probably the reason why endoPGs are able to cleave only free polygalacturonate and not the methylesterified substrate.
Based on the structures of Galf A and GalpA bound in the ternary complex, we attempted to construct a structural model of di galacturonic acid with a substrate molecule bound in both the 1 and 1 subsites across from the catalytic residues (Fig. 5) . The model of the bound di galacturonate substrate was designed to overlap with the GalpA and Galf A molecules in the ternary complex as much as possible, with special consideration of two restrictions: first, the structure of the GalpA unit bound in the 1 subsite must completely overlap with that of the bound GalpA molecule in the ternary complex, and second, the carboxy group of the second GalpA unit bound in the 1 subsite must overlap with that of the Galf A molecule bound in the ternary complex. These restrictions are likely to be appropriate determinants for the productive substrate binding, as described above, and allowed us to construct a reasonable model. To satisfy the second restriction, the modeled GalpA unit in the 1 subsite should have the distorted half chair conformation, in The interactions of GalpA in the binary complex are practically the same as those in the ternary complex. The dotted lines show hydrogen bonds and electrostatic interactions, and their distances are indicated in angstroms.
which C1 shifts into a more equatorial position from the ordinary chair conformation. Thus, the ring structure of GalpA in the 1 subsite was built based on the distorted conformation of the valienamine pseudosaccharide moiety in acarbose, a transition state analogue inhibitor of glucoamylase. 23) The resulting model of the di galacturonate substrate shows the following characteristics in the 1 subsite: 1) The pyranose ring of the GalpA residue has been distorted into the 4 H3 half chair conformation. In that half chair conformation, the C2, C1, O5 and C5 atoms are co planar, a very important characteristic of the postulated oxocarbenium ion like transition state in the glycosyl hydrolase reaction.
2) The positions of the carboxy group, C4, C5 and O5 in the model are overlapped with those of the observed Galf A structure.
3) The observed furanose ring of Galf A is perpendicular to that of the model, but the GalpA unit in the 1 subsite caused no serious conflict with the enzyme or the GalpA unit in the 1 subsite.
Catalytic mechanism.
The two major catalytic mechanisms for glycosyl hydrolases involve two carboxy residues. 24) In the case of the retaining enzymes, their carboxy groups are separated by approximately 5.5 A . In the inverting enzymes, on the other hand, the distance between the catalytic carboxy groups is approximately 10 A , and the reaction proceeds via a single displacement mechanism. In the latter mechanism, one of the acidic residues acts as a general acid, donating a proton to the glycosidic oxygen of the scissile bond, while the second acidic residue acts as a general base, which activates the nucleophilic water molecule that attacks the anomeric carbon. EndoPG is an inverting enzyme. 25) As indicated previously, 11, 12) the distances between the absolutely conserved three aspartates are 4.4 A (Asp153 Asp173), 5.5 A (Asp153 Asp174), and 4.8 A (Asp173 Asp174), respectively. No conserved acidic residues are found at a distance of about 10 A from each other.
In the di galacturonate model structure, all three candidate Asp residues are located on the face of the 1 and 1 subsite pyranoside rings. As described above, Asp173 is at the appropriate position to be a proton donor to the fissile glycosidic bond. Asp153 or Asp174 seems to act as a general base to abstract a proton from the nucleophilic water. Both Asp153 and Asp174 were considered to be accepting hydrogen bonds from a candidate for the nucleophilic water. In this position, one of the lone pairs of tetrahedral oxygen atom of this water molecule is directed toward anomeric carbon in the 1 subsite GalpA unit in the di galacturonate model. This placement is ideal for a nucleophilic attack on the anomeric carbon of the scissile glycosidic bond. Moreover, in this placement, this water molecule, the anomeric carbon in the 1 subsite GalpA unit in the di galacturonate model, and the oxygen of the scissile glycosidic bond are very close and in the in line coordination necessary for hydrolysis by the inverting mechanism. Consequently, the reaction mechanism of EndoPG I is considered to occur as follows. First, the substrate is bound into the cleft, and the GalpA unit in the 1 subsite is distorted into the half chair conformation. Next, the nucleophilic water is activated by Asp153 or Asp174, and attacks the anomeric carbon of the scissile bond in an SN2 manner. At the same time, Asp173 provides a proton to the fissile glycosidic oxygen. Lastly, the glycosidic bond is broken and the anomeric configuration of the GalpA unit in the 1 subsite is inverted to the configuration.
The structure of the di galacturonate model at the active site of EndoPG I allows us to compare the active site structures at the subsite 1 and 1 moieties with the other glycosidases. A superposition of EndoPG I with the di glacturonate model and acarbose complexes of two amylases (A. awamori glucoamylase, 26) an inverting enzyme, and A. oryzae TAKA amylase, 27) a retaining enzyme) based on the structure of the ring of the substrate inhibitor in the 1 subsite shows following features: 1) the oxygen atoms which attack the anomeric carbon (nucleophilic waters of EndoPG I and glucoamylase, and OD 1 of Asp206 of TAKA amylase) are located at approximately the same position on the face of the 1 subsite ring. Moreover, Asp174 of EndoPG I, one of the two candidates for base catalyst, overlaps Glu400 of glucoamylase, its base catalyst; 2) On the other hand, positions of the proton donor are divided into two groups: the acid catalyst of glucoamylase (Glu179) is located on the face of the 1 subsite ring, whereas the acid or acid base catalyst of EndoPG I (Asp173) and TAKA amylase (Glu230) is located on face of the ring. Consequently, in EndoPG I, protonation of the glycosidic oxygen and nucleophilic attack at the anomeric carbon occur from the same side of the scissile bond as proposed by Pickersgill. 10) This feature is a major determinant of the unusual distance between the catalytic residues of EndoPG I. There are two candidates for a general base residue, Asp153 and Asp174. Asp174 interacts with the basic residues, Lys228 and Arg226. This interaction would decrease the pKa of Asp174, though making it possible for Asp174 to act as a general base. On the other hand, The proposed substrate structure (black) was modeled based on the structures of the GalpA and Galf A molecules (gray). The GalpA unit in the 1 subsite of the substrate model is distorted to a half chair form. The nucleophilic water is in the preferred position to attack the C1 atom of the GalpA unit in the 1 subsite.
